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We report on atom probe tomography studies of variable chemical decorations at extended defects in Cu-poor and Zn-rich Cu 2 ZnSnSe 4 thin films. For a precursor film, which was co-evaporated at 320
• C, grain boundaries and dislocations are found enriched with Cu. Furthermore, Na out-diffusion from the soda-lime glass substrate occurs even at such a low temperature, resulting in Na segregation at defects. In contrast, stacking faults in the precursor film show clear Zn enrichment as well as Cu and Sn depletion. After an annealing step at 500
• C, we detect changes in the chemical composition of grain boundaries as compared to the precursor. Moreover, we measure an increase in the grain boundary excess of Na by one order of magnitude. We show that grain boundaries and dislocations in the annealed Cu 2 ZnSnSe 4 film exhibit no or only slight variations in composition of the matrix elements. Thus, the effect of annealing is a homogenization of the chemical composition.
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I. INTRODUCTION
In recent years, the quest for novel absorber materials for thin-film solar cells has focused on the kesterite-structured semiconductors Cu 2 ZnSn(S, Se) 4 (CZTS(e)) [1] [2] [3] . These compounds have numerous benefits such as direct band gaps, which can be tuned by the S/Se ratio from 1.0 eV to 1.5 eV [3] , and high absorption coefficients (∼10 4 cm −1 ) for the solar spectral range, resulting in reduced material consumption and costs. Furthermore, CZTS(e) is composed of earthabundant and nontoxic elements in contrast to In-containing Cu(In, Ga)(S, Se) 2 and Pb-containing halide perovskites. The current certified record efficiency of CZTS(e)-based solar cells is 12.6% [4] , while for a small-area device an efficiency of even 13.8% [5] was reported.
A key factor usually limiting the performance of CZTS(e)-based solar cells is a deficit in the open-circuit voltage V OC [1] . Since CZTS(e) absorber films are polycrystalline, extended defects such as grain boundaries (GBs), stacking faults (SFs), and dislocations may significantly alter the optoelectronic properties of the absorber [6] [7] [8] [9] . Deep levels in the band gap known as Shockley-Read-Hall nonradiative recombination centers may be created by these extended defects and may thus lead to a reduced V OC . Chemical fluctuations at such defects can also cause band bending and affect the charge carrier transport. Moreover, impurities can segregate at extended defects and may passivate or create deep defects.
Despite their large potential impact on the electrical properties of the absorber material, extended defects in CZTS(e)
have not yet been systematically studied with respect to their chemical compositions. Cu-enriched GBs have been identified for Cu-poor and Zn-rich grown CZTS(e) films * schwarz@mpie.de † p.choi@kaist.ac.kr by energy-dispersive x-ray spectroscopy (EDX) and electron energy loss spectroscopy (EELS) measurements in a scanning transmission electron microscope (STEM) [10] [11] [12] [13] . Detection of impurities of low compositions is challenging for these techniques and, therefore, in this work we have performed atom probe tomography (APT) studies on extended defects in CZTSe films. APT has demonstrated to be a powerful technique to trace the spatial distribution of impurities in CZTS(e) films [14] [15] [16] [17] . The films studied here were grown under Cupoor and Zn-rich growth conditions to suppress the formation of detrimental compounds such as Cu 2−x Se, Cu 2 SnSe 3 , and SnSe. The chosen growth conditions yielded outstanding cell efficiencies, i.e., 10% [13, [18] [19] [20] [21] [22] . We measure changes in compositional trends of CZTSe GBs in a low-temperature (320
• C) grown CZTSe precursor film as compared to the final absorber obtained after annealing at 500
• C. We reveal that not only GBs but also SFs and dislocations can have variable chemical decorations and discuss possible effects of the observed compositional phenomena on the cell properties.
II. EXPERIMENT
The CZTS(e) films studied in this work were grown by a sequential process. Precursors were fabricated in a molecular beam epitaxy system by co-evaporation of Cu, Zn, Sn, and Se under Cu-poor ( • C. In order to obtain an absorber, the precursor was subsequently annealed in a tube furnace at 500
• C for 30 min in a Se and SnSe atmosphere. More details on the specific film growth conditions can be found in Ref. [23] . the processing conditions for the samples used for APT and I-V measurements, respectively, is shown in Fig. 1 .
The preparation of needle-shaped APT specimens was carried out using a dual-beam focused-ion-beam (FIB) (FEI Helios Nanolab 600i) system, following the protocol outlined in Ref. [24] . The lift-out regions for the APT specimen preparation were chosen randomly on the samples close to the surface of the CZTS(e) film, where the pn junction of the solar cell is formed. The analyses direction is parallel to the film-growth direction. To minimize Ga ion-induced damage, e.g., Cu out-diffusion [25] , a 16 keV Ga beam and a low-energy (2-5 keV) Ga beam was used for coarse and final shaping of the APT specimens, respectively. APT analyses were performed using a local electrode atom probe (LEAP 5000XS, Cameca Instruments) at a specimen base temperature of 50 K. Measurements were done in pulsed laser mode, using a laser wavelength of 355 nm, ∼10 ps pulse length, an energy of 5 pJ, a repetition rate of 200 kHz, and an average detection rate of 10 ions per 1000 pulses.
III. RESULTS

A. Distribution of secondary phases and solar cell efficiency
The precursor synthesized in this work was Cu-poor
, as confirmed by EDX [23] . We did not detect Cu 2-x Se, Cu 2 SnSe 3 , and SnSe in our APT datasets. The excess Zn was found to lead to the formation of a complex nanoscaled ZnSe network across the entire film [16] . After annealing, the composition as well as the distribution of ZnSe remained unchanged [16] .
Preparation of a solar cell, using the Cu-poor precursor film, yields zero efficiency. Possible reasons are the presence of deep defects such as Sn Zn , which can be harmful if their concentration exceeds >10 10 cm −3 [26] , and the presence of Cu-enriched GBs (see discussion) [14] . Since the precursor was grown at low temperature, one may also have a mixture of kesterite and stannite structured CZTSe, which cannot be distinguished by APT. Stannite inclusions can reduce the open-circuit voltage due to their smaller band gap compared to the kesterite matrix [3] .
In order to yield working solar cells, an additional annealing step of the Cu-poor precursor is needed. The device made from this particular annealed precursor (absorber) gave an efficiency of 3.4%. Similar Cu-poor precursors led to higher efficiencies of up to 6% [23, 27] . This is likely due to an improved quality of the interface, i.e., less defects, between the absorber and the CdS layer originating from a cleaning of the CZTS(e) surface with potassium cyanide (KCN) prior to annealing [23] . Since the dominant recombination path for Se-based devices is located in the bulk [27] , we focus in the following on chemical fluctuations in the bulk. 
where c i is the composition of element i in each bin of the composition profile andc i is the elemental composition averaged over the entire profile. Hence, the values of c rel for elemental depletions and enrichments at GBs are <1 and >1, respectively. Zn and Sn depletions at the two GBs in Figs. 2(g) and 2(h) are clearly visible in the relative composition profiles. Also, slight depletion of Se can be seen at both GBs. Na atoms are segregated at the GBs or form clusters. Na compositions at GBs are 0.05 at. %, as shown in Figs. 2(e) and 2(f). For quantification of GB segregation of impurities, Gibbsian interfacial excess values have been determined from ladder diagrams. Latter diagrams are cumulative plots of the number of impurity atoms against the total number of atoms [28] . The Na excess values Na for the GBs I and II are 0.04 atoms/nm 2 and 0.03 atoms/nm 2 , respectively. Changes in matrix element compositions and Na excess values of all analyzed GBs in the Cu-poor precursor are summarized in Table I . The average Na excess amounts to 0.05 ± 0.025 atoms/nm 2 . In general, we observe for all GBs of the precursor a Cu enrichment and Zn, Sn, and Se depletion. The Na composition in Na clusters varies between 1.4 at.% and 2.5 at.%.
Figures 3(a)-3(c) show three-dimensional maps of Na acquired from the annealed Cu-poor absorber. Gray isocomposition surfaces of 32.0 at.% Zn mark ZnSe precipitates, which are usually observed in CTZSe films grown under Zn-rich conditions [29] . We observe several GBs decorated by Na as well as chemical fluctuations at GBs, which differ from those in the precursor. The composition profile in Fig. 3(d) across the GB VII reveals a significantly larger Na composition of ∼1.0 at.% than the average Na composition of ∼0.05 at.% at GBs in the precursor. Furthermore, co-segregation of K is observed, where the determined excess values for Na and K are 1.27 atoms/nm 2 and 0.18 atoms/nm 2 , respectively. From Fig. 3(d) , we also detect a slight Sn depletion at GB VII, whereas fluctuations of the other matrix elements at the GB are not clearly discernible. The relative composition profiles shown in Fig. 3 (e) reveal a depletion of Zn at GB VII beside Sn depletion and a slight enrichment of Cu and Se. At another GB (VIII), Se enrichment and Zn depletion are more pronounced than at GB VII [see Fig. 3(f) ], whereas Cu and Sn do not show any compositional fluctuations (not shown here). Furthermore, Fig. 3 (f) also reveals a slightly higher Zn composition in one grain than in the adjacent grain. In contrast TABLE I. Chemical composition changes of the matrix elements at CZTSe GBs. +, −, o correspond to enrichment, depletion, and no change, respectively. P stands for precursor and A for absorber.
GB Cu Zn Sn Se Na (atoms/nm 2 ) K (atoms/nm 2 ) Sample to GBs VII and VIII, GB IX, which is also decorated by Na, does not show any compositional fluctuations of the matrix elements [see Fig. 3(g) ].
The compositional fluctuations as well as the Na and K excess values of all analyzed GBs of the absorber are summarized in Table I . In general, we observe that the GBs in the absorber are decorated by Na and K atoms with excess values of Na = 0.19−1.27 atoms/nm 2 and K = 0.05−0.18 atoms/nm 2 , respectively. The average Na excess is¯ Na = 0.49 ± 0.36 atoms/nm 2 and hence ten times larger than the value for GBs in the precursor. The average K excess in the absorber is¯ K = 0.13 ± 0.04 atoms/nm 2 , whereas K is not detectable in the precursor. The strong variations in the Gibbsian interfacial excess values of Na may be ascribed to variations in GB misorientation and character [30] . Regarding the matrix elements, we observe slight fluctuations at several GBs. However, they are less pronounced as compared to the fluctuations at precursor GBs. For Cu we detect no general trend, as we observe both enrichment and depletion at GBs. Zn and Sn tend to be slightly depleted at GBs, if there is any fluctuation. In contrast, Se is slightly enriched at several GBs.
C. Chemical fluctuations at stacking faults and dislocations
We also detect fluctuations of the matrix elements and impurities at confined two-dimensional and line-shaped features, which are most likely stacking faults (SF) and dislocations [31, 32] , respectively (see Supplemental Material [48] for how to distinguish GBs from SFs). At three other dislocations of a dataset from the same Cu-poor absorber, we do not observe any composition variation of the matrix elements (see Supplemental Material [48] ).
Similar to the precursor, we also find in the absorber some Na clusters [see Figs. 5(a) and 5(b)], where the Na composition varies between 1.2 at.% and 2.5 at.%.
The compositional fluctuations of the matrix elements and the Na and K compositions of all analyzed stacking fault and dislocations of the precursor and absorber sample are summarized in Table II . 
IV. DISCUSSION
In this work, we confirmed that the GBs in Cu-poor CZTSe films exhibit different compositional trends before and after annealing at 500
• C (i.e., precursor vs absorber). First, the average Na excess at GBs in the precursor sample with Na = 0.05 atoms/nm 2 is ten times smaller than in the absorber sample. Segregation of Na at GBs at deposition temperatures as low as 320
• C has not yet been observed in CZTS(e). Second, we also detect composition variations of the matrix elements at GBs in the annealed Cu-poor absorber film, in TABLE II. Chemical composition changes of the matrix elements at CZTSe stacking faults and dislocations. +, −, o correspond to enrichment, depletion, and no change, respectively. SF, DL, P, and A stand for stacking fault, dislocation, precursor, and absorber, respectively.
Defect
Cu Zn Sn Se Na (at.%) K (at.%) Sample
contrast to our previous study where we did not detect such fluctuations at Na-decorated GBs [14] . While GBs in the precursor are generally strongly Cu enriched and Zn depleted, the absorber shows much less compositional variation at GBs. The annealing has led to a homogenization of the composition. In particular, it did remove the strong Cu enrichment at GBs, which is likely to lead to highly conductive GBs, which shortcut the device. Similar observations have been made for other structural defects, i.e., stacking faults and dislocations. While the precursor contained strongly Cu-depleted stacking faults, they were not detected in the annealed film. Most dislocations found in the annealed film did not show any composition variations. Thus, the annealing step seems to lead to a reduced stacking fault density and to a strong reduction of compositional fluctuations. This will lead to reduced tail states [33] and, thus, to an absorber film yielding working solar cells. It can be concluded that a high-temperature annealing step is needed to provide absorber material with sufficient homogeneity to allow the preparation of solar cells.
The observed Na and K segregation at defects can be ascribed to out-diffusion of Na and K atoms from the SLG substrate. In the precursor, the average Na composition at GBs is about one order of magnitude smaller than at GBs in the absorber, and in the absorber, it is about four times larger than the K composition at GBs. Taking into account that there are about 14 at.% of Na 2 O and only about 0.4 at.% of K 2 O in 035402-5 the SLG substrate, our results suggest that the diffusivity of Na and K are similar, although the ionic radius of K, being 133 pm, is larger than that of Na, which is 98 pm [34] . This is confirmed by the studies of Laemmle et al. [35] and Schwarz et al. [36] , who observed similar findings for the K and Na diffusion in Cu(In, Ga)Se 2 .
The enhanced segregation of solutes at GBs in the absorber could be the cause for the observed change in GB composition after the postdeposition annealing. Density functional theory (DFT) calculations by Liu et al. [37] suggest that segregation of Na atoms at a ࢣ3 (114) GB can reduce the energy of the GB even further compared to segregation of Cu atoms. Hence, Na atoms substitute Cu atoms from Cu-enriched GBs during the annealing process. For the precursor, this mechanism could be suppressed due to the low deposition temperature (320
• C), which leads to a small Na diffusivity. The works of Bag et al. [10] and Wang et al. [11] support our findings regarding the substitution of Cu with Na since they detected, by using STEM-EDX, Cu-enriched but no Cu-depleted GBs in Cu-poor and Zn-rich CZTSSe absorbers deposited on a Mo-coated SLG substrate. Although a short annealing of 5 min at 540
• C was applied in their work, the kinetics do not seem to be sufficient to reduce the Cu content at GBs via the substitution with Na.
Furthermore, GBs in the absorber in our study having an Na excess of Na > 1 atoms/nm 2 (see Table I ) are not homogeneously decorated by Na (see Fig. S4 in the Supplemental Material [48] ). For such high excess values, the interaction between solutes, i.e., Na atoms, has to be taken into account for the segregation phenomena at GBs [38] . Here, the interaction between Na atoms is attractive, leading to a clustering of Na atoms within the GB plane.
Na and K dopants in the CZTSe bulk and their segregation at defects in the absorber can be beneficial for solar-cell performance. Prabhakar et al. [39] showed that Na increases the hole composition and conductivity of Cu-poor CZTS films. Na was also reported to increase the open-circuit voltage V OC , fill factor FF, as well as the short-circuit current J SC in Cu-poor and Zn-rich CZTS(e) films [40, 41] . According to Yin et al. [42] , Na can lead to a downward bending of the conductionband minimum (CBM) and valence-band maximum (VBM) at GBs. Such a mechanism would cause the formation of a hole barrier, which may partially passivate GBs due to a reduced recombination of holes with photogenerated electrons. For CZTSe, the VBM is given by the Se-Cu p-d hybridization and, hence, by the Cu composition [43, 44] . Therefore, the passivation effect of Na might be enhanced or diminished by the slight Cu depletion or enrichment, which we detect at GBs and dislocations in the absorber film in this work. Also, Bag et al. [10] suggests that the lack of Cu-depleted GBs might be a main origin for the observed reduced V OC in their devices.
For K, similar effects on the cell properties as for Na has been described, namely, an increase in V OC , FF, and J SC [45] [46] [47] . However, according to Haass et al. [46] , the beneficial effect of K occurs only for compositions lower than ∼0.1 at.% due to the formation of Sn(S, Se) 2 upon further increased K composition. In our study, we neither measure K compositions exceeding this critical value [cf. Fig. 3(d) ] nor detect SnSe 2 . Thus, K is expected to have a beneficial effect on the cell efficiency for the studied absorber.
V. CONCLUSIONS
In this work, we performed APT studies on extended defects in Cu-poor and Zn-rich CZTSe films and showed that not only GBs but also SFs and dislocations can be chemically versatile.
We observed that out-diffusion of Na from the soda-lime glass substrate and segregation of Na at GBs and dislocations already take place in a low-temperature (320
• C) grown precursor film. The GBs in the precursor film exhibit Cu enrichments and depletion of Zn, Sn, and Se. After annealing the precursor at 500
• C for 30 min, we detected an increase in the Gibbsian interfacial excess of Na at GBs by one order of magnitude as compared to the precursor. Besides segregation of impurities, we could detect slight composition fluctuations of the matrix elements at some GBs and dislocations for the annealed CZTSe film. For GBs showing chemical fluctuations, we detected Zn and Sn depletion and Se enrichment, whereas there was no clear trend for Cu. While dislocations showed no clear compositional trends, SFs detected in the precursor film showed clear Zn enrichment as well as Cu and Sn depletion. No segregation of impurities was detected at SFs. The annealing did reduce all observed chemical fluctuations.
